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I. INTRODUCTION

Modeling the ignition and early combustion of a solid propellant
granular bed has typically assumed that, once ignited, the regression
rate depends only on the instantaneous gas pressure (usually r_aPn).
For lumped parameter gun codes, like Baer—Frankle1, it has been the
practice to adjust the two parameters (a, n) in the burning rate ex-
pression to induce an agreement between measured gun pressures and
computed pressures. Such an adjustment process permits the burning
rate to compensate to some degree for other errors in input data. Al-
though the adjustments do permit parametric studies of gun performance,
the disagreement with independent burning rate measurements prohibit
the usefulness of the burning rate formula for any other gun.

Within the past five years, there have been several one—dimensional
models of the flame spreading and combustion of the granular propellant
bed . All these models use the same power law burning rate formulation
as the lumped parameter models (r~aP’~). Until recently no serious con-
sideration has been given to using other laws for burning rates pro-
bably because either no definitive solutions are available for the
burning rate and/or the approximate models require too much additional
computing. To date there have not even been approximations used to
find a model’s sensitivity to potential transient burning effects.

Considerable work has been directed to transient combustion of
solid propellants in rocket motors. Emphasis has been on linear or
nearly linear perturbations in chamber pressure oscillation or in ex-
tinguishment by depressurization. Kooker and Zinn2 did a numerical in-
vestigation of the transient burning coupled to a solid rocket motor
chamber by a nonlinear method and predicted some sharp burning rate
transients with only small amplitude pressure oscillations. Recent
work by Caveny et al3 attempted to model transient burning in gun con-
ditions by using an approach due to Zeldovich for transient heat feed-
back to the propellant surface. Nonlinear models of the combustion

1 P. G. Baer and J. M. Frankle, “The Simulation of Interior Ballistic
Perf’orrnance of Guns by Digita l Computer Program”, BRE Report No.
1183, December 1962 (AD #299980).

D. S. Kooker and B. T. Zinn, “Numerical Investigation of Non-Linear
Axial Instabilities in Solid Rocket Motors”, BRL Contract Report No.
141, March 2974 (AD #7769.54).

L. S. Caveny, M. Swnmerfield, and C. W. Nelson, “Ignition Transients
and Pressurisation in Closed Chambers ”, 11th JANNAF Combustion Meeting,
Pa~ idena, CA, CPIA Pub. 261, September 1974.
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were developed by Krier et al4 and by Levine and Culick5. When Kooker
and Nelson6 compared the predictions of the KTSS, Levine , and Kooker
models in a typical gun pressure environment, they predicted that three
models had the same qualitative response of a single sharp transient at
a low pressure and an asymptotic approach to the power law represen-
tation as pressure increased.

It is the purpose of this brief report to compare the burning
rate predictions of three different types of models for an imposed
pressure history found in a typical Army gun.

II. MODELS

Dependence Models

Early approximations for the dynamic response were proposed by
Paul et al7, Parker and SummerfieldS and vonElbe 9. With some simplified
analyses these researchers all arrived at a form for instantaneous
burning rate:

r = r E l  + ~~~~~~~pr0

H. Kri er, J. S. Tien, W. A. Sirignan o, and M. Swnmerfie ld, “Nonsteady
Burning Phenomena of Solid Pr opellanta: Theory and Experiments ” .4IAAJ
Vol. 6, No. 2, pp 278—285, Februar y 1968.
J .  N. Levine and F . S. C. Culick, “Nonlinear Ana lysis of Solid Rocket
Combustion Instability”, AFRPL TR- 74-45 , October 1974 .

6 
~~ • ~ Kooker and C. W. NeZ8on, “Numerica l SoZution of Three Solid
Propellan t Combustion Model8 During a Gun Pr eBaure Transient ”, 12th
JANNAF Combustion Meeting, Newport, RI, August 1975.
B. S. Paul, .~?. 1. Levine, and L. Y. Fong, “A Ballistic Explanation of
the Ignition Pressure Peak ”, AIAA Solid Propellant P ocket Conference ,
Palo Alto, CA, AIAA Paper 64-121.

8 K. Parker and M. Summerfi eld, “The Ignition Transient in Solid Pro-
• pellant Rocket Motors”, Princeton University, Dp t.  AMS Report 769 ,

1966.
C. vonElbe, “Solid Propellant Ignition and Response of Combustion to
Pressure Transients, AIM Paper 66-668, 1966.
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where r0 steady state burning rate

~p a constant coefficient
ci thermal diffusivity
n burning rate exponent
P instantaneous pressure

t ime derivative of pressure.

Krier’° briefly reviewed the derivations and their limitations to small
changes from steady state operation. The coefficient i4 is different
for each derivation (1/2 for Parker and Sununerfield; 1 for Paul et al;
2 for vonElbe). Krier then relaxed the assumption of constant surface
temperature and used the KTSS model of dynamic heat feedback to derive
a variable expression Lor ~4,:

( /  )n/m
[1—

= 

E(P,P0)
fhm (2+l/fl)_2H

where P0 reference pressure
m a constant
H a non—dimensional surface heat release.

Quasi Steady Neat Feedback One Dimensional (QSHO~~

Three models solve the partial differential energy equation in the
solid propellant using a nonlinear boundary condition at the propellant
surface. Kooker and Nelson rederived the governing equations in a com-
mon coordinate system and compared the solutions for the pressure field
in a 105mm tank gun as is the purpose of this report. The models all
use a surface boundary condition of the form

where non dimensional thermal gradient
dx
R non dimensional regression rate,

but differ in the form of the functions G1 and G2 and R. Table I gives
the differences.

10 5~ Kri er, “Solid Propellant Burning Rate During a Pressure Transi c~~ ”,
Comb Sci Tech Vol 5, pp 69-73, 1972.
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Table I. Heat Feedback Terms

G GModel 1 2 R

KTSS H P (P
/m_H)

C C T A(® —l)
Kooker/Zinn H+(0 —l)(l— _ 2.) ~2 ~2( ~° )P exp [ ~ ]

s C C T — T ~, l4(0~
_l)

C C A(0 —l)
Levine/Culick H+(® —1)(l— ~2~) ~

2n{[....�!( 
1 —1)] exp[ A 

~
s s l_j-lnP l+~(0~

_l)

+(l—H)}

where 0 non dimensional temperature
c heat capacity
T reference surface temperatureso
A,E non d imensional kinetic constants.

The G1R term represents heat from the exothermic surface reaction and
G2R represents heat from the flame. Kooker and Nelson found that the
Kooker/Zinn and Levine/Culick models gave practically the same response
and that the KTSS model predicted higher overshoots because of the pre—

C
sence of the (O~

_l)(l_ ~2.) term in the surface heat release term.

Zeldovich Model

Caveny et al used the Zeldovich approach to derive a nonsteady
heat feedback of the form

— ~ [T
5
_ln(~~ ) / a~+T0] ,

where a temperature sensitivity.p

12 
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The advantage gained is that no model of the flame need be specified .
The non—stead y heat feedback from the flame at R(TØ,P) is assumed to

• - be the same as the feedback at RO (ROeq,P)  when Toea is the initial
temperature which would yield steady burning at R(P). With that
boundary condition , the thermal energy equation of the solid propellant
is solved numerically.

The Test Case

t~ reference set of thermal and thermodynamic properties were
assigned to a double base propellant. Best estimates from whatever
experimental data were available were used. The only parameter which
is observed to have a dramatic effect on the results is the value of
the surface heat release in the QSHOD model group. Experimental data
from Kubota et al~--~- establish that the value can range easily from 70
to 100 cal/gm which corresponds to values of the parameter H from 0.58
to 0.83.

Temperature sensitivity for the propellant was measured as .0046/°K.
To be consistent with the other parameters including H, a rough estimate
of the temperature sensitivity may be obtained from Summerfield et al’2
as O.0054!°K. One source of the difference is the derivation ’s assump—
tion that the KTSS flame contribution to the heat feedback is independent
of initial temperature. The difference carries no immediate impact be—
cause the results are essentially alike for either value.

The imposed pressure profile was that of the l05nun tank gun
starting at 6.9 MPa where the propellant is assumed to be burning at
steady state.

III. RESULTS AND DISCUSSION

The shapes of the burning rate response of the three types of
models are distinctly different. Figure 1 plots the relative burning
rate against time in a pressure field which rises almost linearly at
an average rate of about ~~ MPa/sec. For the models using surface
heat release, it was assumed to be 96 cal/gm.

11 N. Kubota, T. J. Ohiemiller, L. H. Caveny, and M. Swnmerfield, “An
- ‘ 

~c~er ~~ntal Study of the Site and Mode of Action of Platonizers
:i~iL~ Base Prope l lants ”, AIM Paper 74—124, January 1974.

12 M . Sw7rrnerficld, L. H. Caveny, R. A. Battista, N. Kubota, Yu A.
Gos.u~~~, and H. Icoda, “Theory of Dynamic Extinguishment of ~~~~~~~
Propellants with Special Reference to Nonsteady Heat Feedback L r ~”,
Journal of ’ Spacecraft Rockets, 8 (3), March 1971, pp 251-258 .
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Two values of ~ in the dp/dt model showed different results, al-
though the same general shape. The Krier version reached a peak of
12.4 when the vonElbe version reached 17.4. The vonElbe curve was con-
sistently higher than the Krier curve throughout the time examined .
For the Krier version, the coefficient was initially about 1.5 and
declined steadily to 0.7 at 0.5mg.

The QSHOD models all had the same shape which produced a sharp
peak at 0.25ms. Peaks for the Levine/Culick and Kooker/Zinn were about
the same at 6.1 but the KTSS peak was much higher at about 17 (not shown
in Figure 1). Kooker and Nelson provide a more complete comparison for
this type model.

3 For the Zeldovich model a much lower response was observed . The
peak overshoot of only 2.1 occurred at 0.4ms.

H In the computations, burning rate excursions did not affect the
imposed pressure. In an actual chamber the two would be coupled be—
cause the faster gas generation rate would increase the pressurization
rate. The mass of gas in the chamber is proportional to the integral

• ftrdt To the extent that this integral exceeds the quasi—steady inte-
gral I r0dt , the chamber pressurization will be altered by the burning
rate excursions. A rough estimate of the effect is given in Table II
where the ratio !rdt/fr dt is compared at different times. Translating
the ratios into real chamber effects would require a coupling to the
chamber dynamics.

Experimental verification of the magnitude of such burning rate
excursion has not been made. Closed vessel tests of granular beds
typically discard the low pressure information because of uncertainties
in surface area and ignition spreading. Sharp spikes have been
only occasionally reported and usually ignored as a test anomally.
An inference to be drawn is either the spikes do not occur or the time
for flame spreading is of the same order as the time for the burning
rate excursion. Resolution awaits better experimental information .

Table ii.. Gas Production Ratios

• 0.1mg O.25ms O.Sms O.8ms

dp/dt t~i = 2 13.1 7.10 3.91 2.47
dp/dt ~ = f(p) 9.0 4.75 2.64 1.79
Levine/Culick 0.97 2.16 1.81 1.52
Zeldovich 0.97 1.21 1.43 1.40

4
A serious criticism may be leveled at applying the QSHOD models

to nitrocellulose based gun propellants. The derivation of the flame

I—
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contribution to the heat feedback assumes a uniform distribution of
the energy release in the flame on the basis that composite propellant
fla~iies are d-lf fusion controlled . Because nitrocellulose based propellant s
are avidly believed to have premixed , kinetica lly con trolled , thin
flames, the models must be reexamined to judge the effect of changing
the flame structure. A quick calculation for a flame sheet approximation
showed the overshoots to be more like the Zeldovich results. The true
energy release distribution lies probably somewhere in between the two
extremes with a reasonable conclusion that no clear case can be made
for choosing between the Zeldovich and QSHOD models for a nitrocellulose
based propellant.

The implications of this study are not limited to the particular
problem chosen. The gun pressure profile selected, monotonic and
nearly linear, is not strictly limited to guns. Two real cases can be
conceived where the results are applicable: A gun with a composite
propellant, like a nitramine base, or any other vessel like a rocket,
with a composite propellant in a rapid pressurization. The message is

1 , clear: do not choose a model on the basis that they all give the same
answer.

I.

16

I
S-_ S 

- - • •- ,. - - ,.. .•
— 

- 
—_•_•__t---

. - • . — -
— —— _ .— -—-— __ .—. •. •—•-._—•- — - -__- 5— - •_.~~._.S= -~ ___~~ - 

- 
— 

S - S • 
—



- - “--~~~~~~~~-- _ S-~~~~~ 

~~~~~~

-_ •
~~~~~~~

- S-—--
~~~~

_
~~~~ ~~~~~~~~~~

S-
~~~~~~~r - - - - S -  - 5- ,

I

REFERENCES

i. P. C. Baer and J. M. Frankle , “The Simulation of Interior Ballis—
tic Performance of Guns by Digital Computer Program”, BRL Report
No. 1183, December 1962, AD #299980.

2. D. E. Kooker and B. T. Zinn , “Numerical Investigation of Non—
• Linear Axial Instabilities In Solid Rocket Motors”, BRL Contract

Report No. 141, March 1974 , AD #776954.

3. L. H. Caveny, M. Summerfield, and C. W. Nelson, “Ignition Transients
• and Pressurization in Closed Chambers”, 11th JA14NAF Combustion

Meeting , Pasadena, CA, CPIA Pub. 261, September 1974.

4. H. Krier, J. S. Ties, W. A. Sirignano, and M. St’mmerfield , “Non—
steady Burning Phenomena of Solid Propellants: Theory and Experi-
ments”, AIAAJ , Vol. 6, No. 2, pp 278—285, February 1968.

5. J. N. Levine and F. E. C. Culick , “Nonlinear Analysis of Solid
Rocket Combustion Instability”, AFRPL TR—74—45, October 1974.

6. D. E. Kooker and C. W . Nelson , “Numerical Solution of Three Solid
Propellant Combustion Models During a Gun Pressure Transient”,
12th JANNAF Combustion Meeting, Newport, RI, August 1975.

• 
7 .  B .  E .  Paul, R. L. Levine, and L. Y. Fong, “A Ballistic Explanation

of the Ignition Pressure Peak”, AIAA Solid Propellant Rocket Con-
ference, Palo Alto, CA, AIAA Paper 64—121.

8. K. Parker and M. Suminerfield, “The Ignition Transient in Solid
• Propellant Rocket Motors ” , Princeton University , Dpt. ANS Report

769 , 1966.

9. G. vonElbe, “Solid Propellant Ignition and Response of Combustion
to Pressure Transients”, AIAA Paper 66—668, 1966.

10. H. Krier, “Solid Propellant Burning Rate During a Pressure Tran—
sient”, Comb Sd Tech Vol 5, pp 69—73, 1972.

11. N. Kubota, T. J. Ohlemiller, L. H. Caveny, and M. Summerfield ,
“An Experimental Study of the Site and Mode of Action of Platoni—
zers in Double Base Propellants”, AIAA Paper 74—124, January 1974.

12. M. Suinmerfield , L. H. Caveny, R. A. Battista, N. Kubota, Yu A.
Gostinsev, and H. Isoda, “Theory of Dynamic Extinguishment of
Solid Propellants with Special Reference to Nonsteady Heat Feed—
back Law” , Journal of Spacecraft Rockets, 8 ( 3) ,  Mar ch 1971,
pp 251—258.

17

~ 

•~~~~~~ .~~~~~
: -  

—- 7 - T .  - :~~~~~~~~~~;. - ~~~~~~~~~~~~ 
-

-S—A--— . ~~~~~~ .a.s.~s -



-r

DISTRIBUTION LIST

No. of No. of
Copies ~~~ anization Cop i~~ Organization

• 12 Commander 1 Commander
Defense Documentation Center US Army Missile Research
ATTN: DCC—TCA and Development Command
Cameron Station ATTN : DRDMI -R
Alexandria , VA 22314 Redstone Arsenal , AL 35809

1 Director 1 Commander
Defense Advanced Research US Army Tank Automotive

Projects Agency Development Command
ATTN: C.R. Lehner ATTN: DRDTA-RWL
1400 Wilson Boulevard Warren , MI 48090
Arlington, VA 22209

2 Commander
r 2 Director US Army Mobility Equipment

Institute for Defense Analyses Research & Development Command
ATTN : Dr. H. Wolfhard ATTN : Tech Doc Ctr, Bldg. 315

Mr. R.T . Oliver DRSME-RZT
400 Army—Navy Drive Ft. Belvoir , VA 22060
Arlington, VA 22202

1 Commander
1 Commander US Army Armament Materiel

US Army Materiel Development Readiness Command
and Readiness Command Rock Island , IL 61202

ATTN: DRCDMA-ST
- - 5001 Eisenhower Avenue 3 Commander

Alexandria, VA 22 333 US Army Frankford Arsenal
ATTN: DRDAR—LCE—CI, Dr. J. Lannon

1 Commander SCA—CC , Mr. C. Dickey
US Army Aviation Systems SCA—PP , Mr. L. Stiefel
Command Philadelphia, PA 19137

ATTN: DRSAV-E
12th and Spruce Streets 3 Commander
St. Louis, MO 63166 US Army Armament Research and

Development Command
1 Director ATTN: DRDAR—LC, Dr. J.P. Picard

US Army Air Mobility Research DRDAR—LCE, Mr. C. Lenchitz
and Development Laboratory DRDAR—LCE, Dr. R.F. Walker

Ames Research Center Dover, New Jersey 07801
Moffett Field, CA 94035

A 1 Commander
1 Commander US Army White Sands Missile

- -: US Army Electronics Command Range
ATTN: DRSEL-RD ATTN: STEWS-VT
Ft. Monmouth, NJ 07703 WS~~, NM 88002

-~~~~~~ S .- — -_ •

~ 

~~~~~~~~~~~~~~~~ ]



DISTRIBUTION LIST

No. of No. of

~~p~es Organization C~pies ~~ganization

1 Commander 2 Commander
US Army Watervilet Arsenal US Naval Surface Weapons Center
ATTN: R. Thierry/Code SWEWV—RD ATTN: S.J. Jacobs/Code 240
Watervliet, NY 12189 Code 730

Silver Spr ing, MD 20910
1 Commander

US Army Harry Diamond Labs 1 Commander
ATTN: DRXDO-TI US Naval Surface Weapons Center
2800 Powder Mill Road ATTN: Tech Lib
Adelphi, MD 20783 Dahlgren, VA 22338

• . 1 Commander 1 Commander
US Army Materials and Mechanics US Naval Underwater Systems
Research Center Center

ATTN: DRXNR—ATL Energy Conversion Department
Watertown, MA 02172 ATTN: R.S. Lazar/Code 5B331

Newport, RI 02840
1 Commander

V US Army Natick Research and 2 Counnander
Development Command (IS Naval Weapons Center

• ATTN: DRXRE, Dr. D. Sieling ATTN: Dr. R. Derr
Natick , MA 01762 Mr. C. Thelen

China Lake, CA 93555
1 Director

US Army TRADOC Systems 1 Commander
Analysis Activity US Naval Research Laboratory

ATTN : ATAA-SA ATTN: Code 6180
WSMR , NM 88002 Washington, DC 20375

I

1 Commander 3 Superintendent
US Army Research Off ice  US Naval Postgraduate School
ATTN: Tech Lib ATTN: Tech Lib
P.O. Box 12211 Dr. David Netzer
Research Triangle Park, NC Dr. Allen Fuhs

- . 27706 Monterey, CA 93940

1 Chief of Naval Research 2 Commander

~ ATTN: Code 473 US Naval Ordnance Station
800 N. Quincy Street ATTN: Dr. A. Roberts

* Arlington , VA 22217 Tech Lib
Indian Head, MD 20640

1 Commander
US Naval Sea Systems Command 2 AFOSR
ATTN: J.W. Murrin (NAVSEA—0331) ATTN: J.F. Masi
National Center, Bld g. 2, Rin 6E08 Dr. B.T. Wolf son
Washi ngton , DC 20360 Bolling AFB , DC 20332

20

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . _  :~J~ti:. ..T - 
-



- -
-

~~~~~~~~

_ • - •_ - _-

~~~~~~~~~~~~

-- -

~~~~~~~~~~~~
--

• DISTRiBUTION LIST

No. of No. of
Copies Organization Copies Organization

2 AFRPL (DYSC) 1 General Electric Company
ATTN: Dr. D. George Armament Department

Mr. J.N. Levine ATTN: M.J. Bulman
Edwards AFB , CA 93523 Lakeside Avenue

Burlington, VT 05402
1 Lockheed Palo Alto Rsch Labs

ATTN : Tech Info Ctr 1 General Electric Company
3521 Hanover Street Flight Propulsion Division

-• Palo Alto, CA 94304 ATTN: Tech Lib
Cincinnati, OH 45215

1 Aerojet Solid Propulsion Co.
ATTN: Dr. P. Micheli 2 Hercules Incorporated
Sacramento, CA 95813 Alleghany Ballistic Lab

ATTN: Dr. R. Miller
1 ARO Incorporated Tech Lib

ATTN: Mr. N. Dougherty Cumberland , MD 21501
Arnold AFS, TN 37389

2 Hercules Incorporated
1 Atlantic Research Corporation Bacchus Works

ATTN: Dr. M.K. King ATTN: Dr. M. Beckstead
5390 Cherokee Avenue Dr. R. Simmons
Alexandria, VA 22314 Magna, UT 84044

1 AVCO Corporation 1 IITRI
AVCO Everett Research Lab Div ATTN: Dr. M.J. Klein
ATTN: D. Stickler 10 West 35th Street
2385 Revere Beach Parkway Chicago, IL 60615
Everett, MA 02149

• 1 Olin Corporation
2 Calspan Corporation Badger Army Ammunition Plant

ATTN: Dr. E.B. Fisher ATTN: J. Ramnarace
A .P. Trippe Baraboo, WI 53913

P.O. Box 235

- ,  
Buffalo, NY 14221 2 Olin Corporation

New Haven Plant
1 ENKI Corporation ATTN: R.L. Cook

ATTN: M.I. Madison D.W. Riefler
9015 Fulbright Avenue 275 Winchester Avenue
Chatsworth , CA 91311 New Haven, CT 06504

1 Foster Miller Associates, Inc. 1 Paul Cough Associates, Inc.
ATTN: A.J. Erickson ATTN: Dr. P.S. Gough
135 Second Avenue P.O. Box 1614
Waltham, MA 02154 Portsmouth, NH 03801

IS

21

S..— -- •- ~_~~-=A~~ -— -- 5 - - - .— _ — • - —-  -- 5- - * - —  
• —

- —,~~~~~.-~~~~
.I~--A - -5 —--



r

DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization

1 Physics International Company 2 Thiokol Corporation
ATTN: J.D. Watson Wasatch Division
2700 Merced Street ATTN: Dr. John Peterson
Leandro , CA 94577 Tech Lib

P .O. Box 524
1 Pulsepower Systems, Inc. Brigham City, UT 84302

ATTN: L.C. Elmore
815 American Street 1 TRW Systems Group
San Carlos, CA 94070 ATTN: Dr. H. Koraan

• One Space Park
1 Science App lications, Inc. Redondo Beach, CA 90278

ATTN: Dr. R.B. Edelman
23146 Cumorah Crest 2 United Technology Center
Woodland Hills, CA 91364 ATTN: Dr. R. Brown

Tech Lib
2 Rockwell International Corp. P.O. Box 358

Rocketdyne Division Sunnyvale, CA 94088
ATTN: Dr. C. Obert

Dr. J.E. Flanagan 1 Universal Propulsion Co.
6633 Canoga Avenue A Tf lJ : N.J. McSpadden
Canoga Park, CA 91304 P.O. Box 546

Riverside, CA 92502
2 Rockwell International Corp.

Rocketdyne Division 1 Battelle Memorial Institute
ATTN : Mr. W. Haymes ATTN: Tech Lib

Tech Lib 505 King Avenue
McGregor , TX 76657 Columbus, OH 43201

1 Shock Hydrodynamics, Inc. 1 Brigham Young University
ATTN: Dr. W.H. Anderson Dept of Chemical Engineering
4710—16 Vineland Avenue ATTN: Prof. R.
North Hollywood , CA 91602 Provo, (‘1 846(U

1 Thiokol Corporation 1 California Institute of Tech
Elkton Division Jet Propulsion Laboratory
ATTN: E. Sutton ATTN: Prof. F.E.C. ~u1ick
Elkton, MD 21921 Pasadena , CA 91103

3 Thiokol Corporation
Huntsville Division
ATTN: Dr. D. Flanigan

Dr. R. Glick
Tech Lib

Huntsville, AL 35807

22

• —S. - — — -~~~
S_

~ — —. — - —5-- — — - - — 5 —  -

— 5— — ~~~~~~~- —~~~~ -ã~.~~L 
- — . .*. - - .•~



• - S

D iST RI B U T I O N  LI ST
t

\~) • ot No.  of
1~ p~es ~ jLan~~~~~~

1 Copies Organization

~~~ Western Reser~ e Univ 3 Princeton University
Division of Aerospace Sciences Forrestal Campus Library
A11’N : I’i- of. J. Tien ATTN : Dr. L. Caveny
Clev e land , DII 44155 Prof. M. Suinmerfield

Tech Lib
3 Ge~ r1~ia institute of Technology P. 0. Box 710

Schoo l of Aerospace Engineering Princeton , NJ 08540
,V1”IN : Prof. B. 1. inn

Prof. E. Price 2 Purdue University
Prof. W. C. Strahie School of Mechanical Engineering

Atlanta , GA 30332 ATTN : Prof. J. Osborn
Prof. S.N.B. Murthy

Institute of Gas Technology TSPC Chaffee I-jail
ATTN : Dr. D. Gid asp ow West Laf aye tte , IN 47906
3424 S. State Street
Chicago , IL 60616 1 Rutgers State University

Dept of Mechanical and
Johns Hopkins University Aerospace Engineering
App lied Physics Laboratory ATTN : Prof. S. Temkin
Chemical Propulsion Informa - University Heights Campus

S 
tion Agency New Bruns wi ck , NJ 08903

ATTN : Mr. T. Christian
Johns Hopkins Road 1 Southwest Research Institute
Laurel , MD 20810 Fire Research Section

ATTN : W. H. McLain
Massachusetts Institute of P. 0. Drawer 28510

Technology San Anton io , TX ‘8228

Dept of Mechanical Engineer ing
ATTN : Prof. T. Toong 1 Stanford Research Institute

-
~ Cambrid ge , MA 1)2139 Propulsion Sciences Division

ATTN : Tech L ib
Pennsylvania State University 333 Ravenswood Avenue
Applied Research Lab Menlo Park , CA 94024
ATTN : Dr. C. M. Faeth
P . 0. Box 30 1 Stevens Institute of Technology
State College , PA 16801 Davidson Laboratory

ATTN : Prof. R. McAlevy , Il l
Pennsy lvania State University Hoboken , NJ 07030
Dept of Mechan ical Engineering
ATTN : Prof. K. Kuo 1 University of California ,
tJn iv crs ity Park , PA 16801 San Diego

AMES Department
ATTN: Prof. F . Williams
P. 0. Box 109
La Jo l la , CA 9203

23

- •  - - - — -  — — - - S - - - . — -
- — — — p. - - ‘5— —-‘p — 

5- . - ‘•—•~ - —5- -— ~~5-~~•~~~~S ~~~~~~ t _ s~~~~ .S~ _ - - -



—- --- -- - — ~~~-- --—--- - --- 

DISTRIBUTION LIST

No. of
Copies Organization

1 University of Illinois
Dept of Aeronautical Engineering
ATTN : Prof.  H. Krier
Transportation Bldg, Rm 105
Urbana , IL 61801

1 University of Minnesota
Dept of Mechanical Engineering
ATTN: Prof. B. Fletcher
Minneapolis , 1-fl~ 55455

2 University of Utah
Dept of Chemical Engineering
ATTN: Prof. A. Baer

Prof. G. Flandro
Salt Lake City , UT 84112

Aberdeen Proving Ground

Marine Corps Ln Of c
Dir , USAZ4SAA

24

I -.--- 
~~~~~

-

~~~
-:

~~~~ _ - - - ,  
-


